Role of yeast SIR genes and mating type in directing DNA double-strand breaks to homologous and non-homologous repair paths  by Lee, Sang Eun et al.
Brief Communication 767
Role of yeast SIR genes and mating type in directing DNA double-
strand breaks to homologous and non-homologous repair paths
Sang Eun Lee, Frédéric Pâques, Jason Sylvan and James E. Haber
Eukaryotes have acquired many mechanisms to repair
DNA double-strand breaks (DSBs) [1]. In the yeast
Saccharomyces cerevisiae, this damage can be
repaired either by homologous recombination, which
depends on the Rad52 protein, or by non-homologous
end-joining (NHEJ), which depends on the proteins
yKu70 and yKu80 [2,3]. How do cells choose which
repair pathway to use? Deletions of the SIR2, SIR3 and
SIR4 genes — which are involved in transcriptional
silencing at telomeres and HM mating-type loci (HMLα
and HMRa) in yeast [4] — have been reported to reduce
NHEJ as severely as deletions of genes encoding Ku
proteins [5]. Here, we report that the effect of deleting
SIR genes is largely attributable to derepression of
silent mating-type genes, although Sir proteins do play
a minor role in end-joining. When DSBs were made on
chromosomes in haploid cells that retain their mating
type, sir∆ mutants reduced the frequency of NHEJ by
twofold or threefold, although plasmid end-joining was
not affected. In diploid cells, sir mutants showed a
twofold reduction in the frequency of NHEJ in two
assays. Mating type also regulated the efficiency of
DSB-induced homologous recombination. In
MATa/MATα diploid cells, a DSB induced by HO
endonuclease was repaired 98% of the time by gene
conversion with the homologous chromosome, whereas
in diploid cells with an α mating type (mat∆/MATα)
repair succeeded only 82% of the time. Mating-type
regulation of genes specific to haploid or diploid cells
plays a key role in determining which pathways are
used to repair DSBs. 
Address: Rosenstiel Center and Department of Biology, Brandeis
University, Waltham, Massachusetts 02454-9110, USA. 
Correspondence: James E. Haber
E-mail: haber@hydra.rose.brandeis.edu
Received: 18 March 1999
Revised: 24 May 1999
Accepted: 14 June 1999
Published: 5 July 1999
Current Biology 1999, 9:767–770
http://biomednet.com/elecref/0960982200900767
© Elsevier Science Ltd ISSN 0960-9822
Results and discussion
The reduction in frequency of NHEJ in sir∆ mutants
could be explained by the fact that sir∆ strains de-repress
HMLα and HMRa, causing MATa or MATα haploid cells to
have the non-mating phenotype characteristic of
MATa/MATα diploid cells [6]. The latter are more radia-
tion-resistant and more recombination-proficient than
diploid cells homozygous for one MAT allele [7–10].
Indeed, Åström et al. [11] showed that NHEJ was not
impaired in sir∆ mutant strains that retained a haploid
mating type; moreover, DNA end-joining was decreased
in a MATa/MATα diploid cell relative to a diploid cell
expressing one MAT allele. We confirmed that the role of
Sir proteins in NHEJ depends on a haploid cell’s mating
type (Figure 1a) by comparing the efficiency of plasmid
recircularization in MATa sir2∆, sir3∆, and sir4∆ strains
that either carried HMLα (and were non-mating) or were
deleted for this locus (thus remaining a-mating). 
The role of Sir proteins might be different when ‘naked’
DNA is transformed into a cell, compared with when
DSBs are generated in chromatin-assembled chromo-
somes and the ends are not connected. We therefore
cleaved MATα with the HO endonuclease, which creates a
4 bp 3′ overhanging sequence [12]. In cells lacking HML
and HMR, the DSB is repaired only by NHEJ [13–15].
When HO endonuclease is continuously expressed, com-
plementary ends cannot simply re-ligate, as the restored
recognition site will be cut again; consequently,
survivors — arising at a frequency of about 2 in 103 —
have mutations altering the HO endonuclease cleavage
site [13,14]. This repair depends on MRE11, RAD50 and
XRS2 [13,16], and on YKU70 (Figure 1b). Surviving
colonies in yku70∆ strains had large deletions, as deduced
by their matα1 matα2 phenotype [13]. Deletion of SIR2,
SIR3 or SIR4 caused a twofold to threefold reduction in
the frequency of NHEJ in those strains that retained their
haploid mating phenotype (Figure 1b). Thus the absence
of Sir proteins had a small but significant effect when the
DSB was generated within a chromosome.
When HO endonuclease was expressed for only one hour,
repair of DNA ends was much more efficient, as the 3′
overhanging complementary ends could simply religate.
Approximately 33% of wild-type cells survived, whereas
viability plummeted to less than 1% in yku70∆ and mre11∆
mutants (Figure 1d). In general, end-joining assays involv-
ing DSBs on chromosomes were more sensitive to the loss
of yKu70 than were plasmid substrates that were trans-
formed into cells and were initially devoid of chromatin
structure. Deletions in SIR genes reduced religation only
by a factor of two. As HO endonuclease expression contin-
ued, viability of the wild-type and sir∆ mutant strains
dropped in parallel. 
Deletion of the RAD9 checkpoint gene, which prevents
cells with a single DSB from arresting at the G2–M check-
point [15], caused a threefold reduction in NHEJ
(Figure 1c). This small effect could be explained by the
loss of the centromere-less chromosome end during
mitosis in cells that had not yet completed NHEJ, or it
could reflect a checkpoint-dependent delocalization of Ku
and Sir proteins from telomeres after damage induced by
HO endonuclease [17,18]. Nevertheless, rad9∆ strains
were not defective in their ability to religate 4 bp comple-
mentary ends of a plasmid (data not shown). 
The lack of effect of Sir proteins in cells that did not
change mating type was not specific to HO-endonuclease-
initiated events. We obtained similar results with a
plasmid cleaved by the I-SceI endonuclease [19]
(Figure 2a) or after breakage of a dicentric plasmid, pYC2
(see Supplementary material; Figure 2b), or when HO
endonuclease cleaved a site on a plasmid (Figure 2c).
Although the predominant effect of the absence of Sir pro-
teins on NHEJ seems to reflect a change in mating type, Sir
proteins do play a role in non-mating diploid cells. Compar-
ing a MATa/MATα diploid strain and an α-mating
mat∆/MATα derivative, we found that loss of haploid mating
type reduced plasmid ligation by tenfold, as reported previ-
ously [11] (Figure 2d). Similar results were obtained for a
second assay, in which we analyzed the repair of broken,
dicentric plasmid pYC2 (Figure 2e). In MATa/MATα diploid
cells homozygous for sir3∆ or sir4∆, NHEJ was, however,
reduced twofold relative to a Sir+ strain (Figure 2d); sir2∆
had a lesser effect. MATa/MATα yku70∆/yku70∆ diploid cells
had a threefold reduction in the frequency of NHEJ, as did
diploid cells homozygous for both yku70∆ and one of the
sir∆ mutants. The defect of yku70∆ mutants was the same in
mating and non-mating diploid cells.
Recently, Ahne et al. [20] showed that deleting RAD5
decreased homologous recombination and increased
plasmid religation. The effect on NHEJ is not attributable
to a reduction in homologous recombination, but reflects
an absolute increase in end-joining. In strain JKM179, in
which homologous recombination is not possible, the
absence of RAD5 increased NHEJ of HO-endonuclease-
cleaved chromosomes by a factor of 2 ± 0.8 (Figure 1c).
PCR-based DNA sequencing confirmed that our wild-
type strain did not contain the rad5-585 mutation found in
the strain W303 used by Åström et al. [11].
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Figure 1
Role of Sir proteins in NHEJ is largely
dependent on the yeast mating type. (a) Non-
mating haploid (HMLα MATa) strains
disrupted for YKU70, SIR2, SIR3 or SIR4 and
their HML-deleted a-mating versions were
tested for end-joining of BamHI-cleaved
plasmid pRS314 [23] that was transformed
into cells by standard methods. Data
represent the averages and standard
deviations of at least three independent
experiments. (b) Repair of a chromosomal
DSB induced by HO endonuclease at the
MATα locus, when the GAL::HO gene was
expressed continuously. Cells were deleted
for both HML and HMR and remained
α-mating. Surviving cells carried deletions or
small insertions at the MAT locus, causing
them to be resistant to HO endonuclease.
(c) Survival of other strains (see text) after
continuous induction of HO endonuclease in
a MATα strain as in (b). (d) Survival of MATα
hml∆ hmr∆ cells after different times of HO
endonuclease expression. Exponential
cultures were induced to express the HO
endonuclease for different times and cells
were then plated on YEPD to turn off
expression of the endonuclease. Until very late
time points, surviving cells re-ligated and
restored the complete MATα locus by re-
ligating the endonuclease-cut ends precisely.
Percentage viability for each time point was
determined by dividing the number of colony-
forming units (cfu) per ml by the number of cfu
per ml at time zero. Values for each time point
are averages from two to four separate
experiments. The strains used were wild type
(WT), JKM179; yku70∆, JKM181; rad50∆,
JKM188; mre11∆, JKM187; sir2∆, YSL199;
sir3∆, YSL200; and sir4∆, YSL201. 
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The mating phenotype of a diploid cell has a significant
effect on spontaneous recombination and on repair of
DNA damage induced by ionizing radiation and
radiomimetic drugs [7–9]. We therefore developed an
assay to examine homologous recombinational repair of a
DSB induced by HO endonuclease. In a diploid cell
deleted for HML and HMR, we inserted into the LEU2
gene a 117 bp HO endonuclease recognition site derived
from MATa [21]. HO endonuclease cleavage induces
gene conversional repair of the DSB from the leu2 gene
on the homologous chromosome. The strain carries
MATa-inc or MATα-inc, mutations that prevent HO
endonuclease cleavage. If repair fails to occur, the broken
chromosome will be lost, causing the loss of the THR4
gene and of the two ADE1 genes which mark the dele-
tions of HML and HMR.
In MATa-inc/MATα-inc diploid cells (strain YFP580), repair
of the DSB was accomplished by 98.4% of all cells, yielding
Thr4+ Ade1+ diploid cells (Figure 3). When MATa-inc was
deleted, creating an isogenic, α-mating diploid strain,
YFP507, only 82.3% of cells retained the HO-endonucle-
ase-cleaved chromosome. We then restored the non-mating
phenotype by integrating on chromosome V a functional
but truncated MATa1 gene lacking any homology to the
HO endonuclease cleavage site (strain JS507), and found
that chromosome loss after HO endonuclease induction
was restored to more than 99%. Therefore, the efficiency of
homologous recombination for a defined DSB is signifi-
cantly regulated by mating type. 
Our results show that both homologous and non-homolo-
gous repair pathways are subject to mating-type control. In
nature, cells with an a- or α-mating type would almost
always be haploid, and non-maters would be diploid. In
G1, haploid cells have no homolog with which to repair a
broken chromosome; instead, they elevate their capacity
to repair broken ends by non-homologous mechanisms.
Cells with the non-mating phenotype normally associated
with diploid cells upregulate homologous recombination.
Thus sir mutations in haploid cells carrying HMLα and
HMRa cause cells to be non-mating and behave as if they
were diploid.
Nevertheless, Sir proteins do seem to play a minor role in
NHEJ. In haploid cells, this effect was greater when the
damage was on a chromosome instead of in a plasmid. In
non-mating diploid cells, even ligation of a linearized
transformed plasmid was affected. Our finding that Sir
proteins have a minor role in NHEJ challenges the model
that these proteins participate in non-homologous repair
by establishing a heterochromatic structure at broken
chromosome ends through the interaction of Sir4 with
yKu70 [5,22]. Nevertheless, recent studies using chro-
matin immunoprecipitation suggest that both Sir and Ku
proteins dissociate from telomeres and become associated
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Figure 2
Effect of SIR genes on NHEJ in haploid and
diploid cells. (a–c) HMLα-deleted haploid
MATa cells. A DSB was induced in plasmids
by (a) I-SceI endonuclease, (b) mechanical
rupture of the dicentric plasmid pYC2 or
(c) expression of HO endonuclease. In these
experiments, sir2∆ strains remained a-mating.
(d,e) Non-mating (MATa/MATα) and α-mating
(mat∆/MATα) diploid cells were tested for
(d) plasmid end-joining of a transformed
BamHI-cleaved plasmid, or (e) repair of
dicentric plasmid pYC2. CEN indicates the
two centromeres of the dicentric plasmid.
Data presented are the averages and
standard deviations from at least three
independent experiments. 
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with DSBs [17,18]; but whereas Ku proteins are critical for
NHEJ, Sir proteins play only a minor role. 
We conclude that the mating type regulates factors that
channel DNA ends into either homologous or non-homol-
ogous repair pathways. Identification of the genes
involved will further our understanding of how the choice
between pathways is regulated. Using microarray analysis,
we have recently identified a number of uncharacterized
genes that are specific to either haploid or diploid cells
(M. Vaze, A. Gasch, P. Brown and J.E.H., unpublished
observations) and might be candidates for such factors.
These genes may also provide clues to explain the much
greater efficiency of non-homologous recombination
events during gene targeting in mammalian cells.
Supplementary material
Supplementary material including additional methodological details is
available at http://current-biology.com/supmat/supmatin.htm.
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Figure 3
The efficiency of homologous recombination increases in non-mating
cells. YFP580 is a diploid strain expressing both MATa-inc and
MATα-inc (which cannot be cleaved by HO endonuclease) and deleted
for both HML and HMR. A DSB induced by HO endonuclease at LEU2
was repaired efficiently by homologous recombination utilizing leu2
sequences on the homologous chromosome as a template. Deletion of
MATa1 (YFP507) resulted in the loss of the diploid mating type and
increased the loss of the HO-endonuclease-cleaved chromosome
(creating Ade– Thr– cells). Ectopic expression of MATa1 in YFP507
(strain JS507) restored both the diploid mating type and the high
efficiency of homologous recombination. In this strain, the ectopic MATa
gene was inserted into one of two chromosome V homologs (gray).
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